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LINEAR RESONANCE COMPRESSOR DRIVEN BY A VARIABLE GAP-
RELUCTANCE LINEAR MOTOR 
 
Christopher C. Lawrenson*, Vernon W. Popham, and Ronald F. Burr. 
Macrosonix Corp., 1570 E. Parham Road, Richmond, VA 23228, USA 
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Linear resonance compressors (LRC) consist of a free piston diaphragm pump driven by 
a variable gap-reluctance linear motor.  This motor operates on the principle of electromagnetic 
attraction across an air gap between a moving armature and a stator and coil, which minimizes 
reluctance or stored magnetic energy.  The motor is operated by a microprocessor controlled 
PWM circuit for variable capacity operation.  LRCs operate at short strokes which allow for the 
use of metal diaphragms.  In order to generate flow with the short stroke, LRCs operate at higher 
frequencies and are characterized by relatively large pump diameters.  A leaf spring suspension 
is used to dynamically match the motor to the resonance compressor load which is a function of 
the mechanical stiffness of the springs and the air pressure on the piston.  Analysis and 
experimental results are combined to develop and characterize both the basic motor and 
integrated compressor designs.  Examples of staging fractional horsepower LRC compressors to 




Free-piston compressor concepts (e.g., Unger, 1998) provide a simple means of using a 
linear motor to move a reciprocating piston back and forth in its cylinder, thus eliminating 
crankshafts, connecting rods and bearings, but still require a relatively long stroke sliding seal 
between the piston and cylinder.  Diaphragm compressors (e.g., Becker, 1997) also provide 
simplicity by using a simple moving diaphragm to provide gas compression.  The absence of 
frictional moving parts provides oil-free operation.  In order to provide the displacement needed 
for adequate flow rates, diaphragm compressors typically require an elastic diaphragm, such as 
rubber, to seal the piston chamber.  This membrane can create fluid compatibility issues and 
reliability limitations. 
 
The LRC (Burr et al., 2000) combines the concept of resonance with the structural 
simplicity of a diaphragm compressor.  As with a free-piston compressor the resonance is 
defined by the moving mass and the spring stiffness of the gas-filled compression chamber.  The 
presence of the leaf spring in the system provides a simple mechanism to control the maximum 
stroke of the piston.  Instead of rubber, the LRC typically uses a steel diaphragm which 




The LRC is comprised of three major sub-assemblies: (i) valve head and valve hardware, 
(ii) the motor, suspension, and piston-diaphragm assembly and (iii) the control electronics. The 
motor function is to move a piston-diaphragm assembly back and forth at the fundamental 
resonance frequency of the resonator or pump and create a resonant pressure waveform 
(compression) inside the resonator or pump. The controller tracks the resonance frequency, as 
well as adjusting the input amplitude and capacity of the compressor.   The major mechanical 
components of the LRC are labeled by item number in Fig. 1:  (1) plenums, (2) valves and ports, 
(3) leaf spring suspension, (4) coil, (5) stator, (6) armature, (7) piston-diaphragm assembly, (8) 




Figure 1: Cross sectional view of a linear resonance compressor 
 
Figure 1 shows the layout of a typical single-sided “E-I” variable gap-reluctance linear 
motor (Popham et al., 2001).  The stator consists of an E-shaped iron core housing a copper coil. 
Adjacent to the E-shaped core is an I-shaped piece of iron (armature) separated from the E-core 
(stator) by a small air gap.  When current is applied to the copper coil, a net attractive force is 
established between the stator and armature causing the gap to decrease and minimize the stored 
magnetic energy.  The armature and stator are constructed of magnetic steel laminates in order to 
minimize magnetic core losses. 
 
The electromagnetic force produced by the variable gap-reluctance linear motor is purely 
attractive and independent of current direction.  Therefore, a leaf spring suspension is used to 
provide the restoring force for oscillatory actuation and maintain separation and alignment 
between the two motor components.  The spring constant of the suspension leaf springs is critical 
to the motor performance and provides dynamic tuning and impedance matching to the load.  
The total spring constant is determined by the combined stiffness of the suspension spring and 
diaphragm (mechanical stiffness), and the air-spring stiffness.  The air-spring stiffness is a 
function of the operating pressure.  The spring constants can be determined using standard 
methods (Young, 1989 and Timoshenko, 1987) with appropriate consideration for the boundary 
conditions.  Multiple springs are used to keep stresses low while provided the necessary stiffness.  
Multiple springs also provide a kinematic linkage similar to a four-bar linkage, which stabilizes 
the armature against rocking or rotating motion and keeps the motion of the armature 
perpendicular to the gap. 
 
Attached to the moving armature is the piston-diaphragm assembly.  The LRC uses, but 
is not limited to, a steel diaphragm, which are typically about 0.2 mm thick.  A small vent hole 
connects the backside to the piston chamber which equalizes the static pressure across the piston.  
This in turn reduces the amount of force required by the motor during operation.  The strokes 
generated by a LRC are typically 1.5 mm.  In order to generate reasonable flow, the compressor 
is operated at high frequencies between 150-300 Hz.  Additionally, piston diameters of LRCs are 
comparatively large, ranging from 4 to 15 cm depending on the model compressor. 
 
Above the piston sits the port plate and plenums.  Reed valves are used on both suction 




The motor is typically driven by a variable pulse width voltage waveform.  Figure 2 is a 
typical waveform driven from 115 VAC rectified to 170 VDC and modulated for amplitude 
output.  The motors are also driven from 115 VAC doubled and rectified to 340 VDC and 
directly from various DC voltage sources (e.g. 12 VDC).  Figure 3 shows the resulting current 
waveform. 
 
The controller is microprocessor based which controls both the frequency and amplitude 
of operation.  The simplest form of operation for an LRC is at a single frequency for a given 
amplitude.  Closed loop control can also be implemented to create a custom performance map if 
























































Figure 3: Current waveform into the LRC. 
 
SINGLE LRC MODULE PERFORMANCE 
 
The performance of the AG-1250-475 linear resonance compressor is shown in Fig. 4.  
The solid line represents the maximum capable performance of this compressor, while the 
shaded region is achieved by any combination of throttle and drive amplitude setting.  The 







































Figure 4: Performance of AG-1250-475 linear resonance compressor.  A picture of the 
compressor is shown on the right. 
 
The “1250” refers to the width of the stator leg laminations (1.25 in) and the “475” refers 
to the diameter of the piston-diaphragm of (4.75 in).  This suspension used in this compressor is 
a stack of three leaf springs 4.4 cm wide by 1.6 mm thick and a free length of 10.2 cm.  There are 
twelve ports on both the suction and discharge side with a port diameter of 3.6 mm.  The suction 
valves are 0.1 mm thick and the discharge valves are 0.127 mm thick.  The neutral distance 




Two different modular compressor systems that have been developed are presented, both 
based on the AG-1250-475 design.  In each of the systems described below, the controller was 
operated at a single frequency 
 
The first compressor system is the AGS-1250-475-3P, which is made up of three AG-
1250-475 compressors with the outlets plumbed in parallel.  In parallel, the flows add 
approximately linearly and the pressure remains the same.  The performance of this system is 
shown in Fig. 5.  The controller for this compressor was programmed for closed loop amplitude 
control using the discharge pressure.  Figure 5 also shows the closed loop control performance 
region which is defined by the minimum and maximum operating pressure and the maximum 
operating amplitude.  Performance inside the bounded region is achieved by a combination of 











































Figure 5: Performance of AGS-1250-475-3P modular linear resonance compressor.  The solid 
line shows the open loop control maximum performance.  The dotted line shows the upper and 
lower limit running under closed loop amplitude control using the discharge pressure for 
feedback.  A picture of the unit is shown on the right. 
 
The second compressor system is the AGS-1250-475-4S, which is made up of four AG-
1250-475 compressors plumbed in series.  In series, the pressures add approximately linearly and 
the flow remains the same.  This system was programmed to operate at a fixed frequency and 






































 Figure 6: Performance of AGS-1250-475-4S modular linear resonance compressor.  A picture of 




A linear resonance compressor has been presented which combines the benefits of both 
the free-piston linear compressor and diaphragm compressor.  The construction of a typical LRC 
has been presented explaining the basic elements of the design.  The performance of an LRC has 
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